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Summary  
In order to study proteoglycan retention and accumulation, we optimized a chondrocyte cell culture system in which 
isolated bovine articular chondrocytes accumulate xtracellular matrix to form a continuous layer of cartilagenous 
tissue. The tissue can attain a thickness of up to l l0pm by 35 days. The cells synthesize large keratan sulfate 
containing proteoglycans and type II collagen indicating that the chondrocytes maintain their phenotype in these 
culture conditions. Matrix accumulation is enhanced by increased cell density and the presence of serum and ascorbic 
acid. The amount of proteoglycans synthesized by the chondrocytes increases up to day 21 and then decreases to the 
same levels as are synthesized uring the first week of culture. The percentage of newly synthesized proteoglycans 
retained in the matrix increases from 20% on day 6 to a maximum of 85% by day 35. The proteoglycan and collagen 
content in the tissue increases with time in culture. The changes in the percentage ofproteoglycans retained parallels 
the increase in proteoglycan content. After day 35, there is no further increase in the amount of proteoglycans and 
collagen nor in the percentage of newly synthesized proteoglycans retained in the extracellular matrix. These studies 
demonstrate hat the cultures are going through two phases: one of matrix accumulation and then one of maintaining 
the existing matrix. The period of matrix accumulation occurs between days 10-21 whereas matrix maintenance is
observed after day 35. Using this culture system to study proteoglycan accumulation and maintenance during these 
culture periods may prove useful in identifying the mechanisms regulating these processes. 
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Introduct ion 
ARTICULAR CARTILAGE differs from other  t issues in 
that  it  is avascu lar  and the cells are surrounded by 
abundant  ext race l lu lar  matr ix  [1,2]. A l though 
each cell is a funct ional  uni t  with l itt le if  any 
interact ions  between cells, there is a specific 
organ izat ion  of matr ix  molecules,  such as proteo- 
g lycans and col lagen in the Carti lage going from 
the superf ic ial  to the deeper  zones [3-6]. The organ- 
izat ion of cart i lage matr ix  is a cont inuous process 
as there is tu rnover  of mat r ix  macromolecu les  in
cart i lage.  The ha l f  life of proteog lycans  in vitro 
is var iab le  depending on the source of cart i lage, 
and can range up to 30 days [7, 8]. Coi lagen is more 
stable and has a much longer  ha l f  life, rang ing  
from 300 days to years  [9]. How the chondrocyte  
'senses'  that  synthesis  of matr ix  macromolecu les  is 
necessary  and how they are reta ined and organized 
into this wel l -ordered s t ructure  is complex and 
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difficult to examine.  A l though there is abundant  
in format ion about  chondrocyte  b iosynthes is  of 
proteog lycans  in the presence of growth  factors  
or cytokines,  and chondrogenes is  in develop ing 
limbs, the process of matr ix  accumulat ion  by artic- 
u lar  chondrocytes  has not been studied as exten- 
sively [8, 10-12]. Unders tand ing  these processes 
may ident i fy molecules or the sequence of  events  
regu lat ing  cart i lage format ion  and maintenance .  
U l t imately ,  the condit ions that  favor  regenerat ion  
of cart i lage that  has been lost due to disease or 
in jury may be identified. 
In this paper  we descr ibe a cul ture system in 
which bovine ar t i cu la r  chondrocytes,  p lated on 
Mi l l ipore ® filter inserts  accumulate  x t race l lu la r  
matr ix  to form a cont inuous layer  of car t i lagenous  
tissue. P ro teog lycan  synthesis  and retent ion  in the 
matr ix  were examined ur ing the periods of t issue 
format ion  and maintenance.  
Methods 
CHONDROCYTE CULTURES 
Fi l ter  inserts (Mil l icell CM ®, Mi l l ipore Corp., 
Bedford, MA, U.S.A.) were coated with co l lagen 
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(Type I or II, 0.5mg/ml 0.012N HC1) [Sigma 
Chemical Co., St. Louis, MO, U.S.A.] and dried 
overnight. They were UV sterilized for 30min 
prior to use and then placed into the wells of 
the culture dish (24-well plate). Chondrocytes 
were obtained from calf articular cartilage from 
the metacarpophalangeal joints as described pre- 
viously [13]. The cells were plated on the filter 
inserts at low density (1 × 10Scells/cm 2) or high 
density (3×106cells/cm 2) and maintained in 
Ham's F-12 with 5% fetal bovine serum (FBS). 
In selected experiments, the serum concentration 
was increased to 20% on day 5. On day 7, ascorbic 
acid (final concentration 50#g/ml for cultures 
maintained in 5% FBS and 100/~ g/ml for cultures 
in 20% FBS) (Gibco/BRL, Burlington, ON, 
Canada) was added to the medium of all cultures. 
The cells were grown at 37°C in a humidified 
atmosphere supplemented with 5% CO2. Medium 
was changed every two days and fresh ascorbic 
acid was added with each change of medium. The 
cultures were harvested at 3, 6, 10, 21, 35 or 49 days. 
All experiments were repeated at least three times. 
HISTOLOGICAL EXAMINATION 
The chondrocyte cultures on the filter inserts 
were harvested at selected intervals and fixed in 
10~/o formalin. They were paraffin-embedded and 
5 #m sections were cut and stained with either 
hematoxylin & eosin, toluidine blue or picrosirius 
red. Toluidine blue stains sulfated proteoglycans 
and picrosirius red stains collagen in the extra- 
cellular matrix. Morphometric quantitation of 
these cultures were performed using light 
microscopy, a digitized tablet interfaced with an 
IBM computer and the Bioquant Image Analysis 
program. The culture thickness was determined by 
measuring 10 separate points in each section and 
three sections per culture were examined. The 
mean value for each time point was calculated by 
determining the mean value of triplicate cultures. 
DNA QUANTITATION 
The cultures at different time points were 
digested with papain [10 # g/m] in 20 mM 
ammonium acetate, l mM ethy]enediaminetetra- 
acetic acid (EDTA) and 2 mM dithiotreitol (DTT)] 
for at ]east 18 h at 65°C. The DNA content was 
measured using Hoescht 33258 dye (Polysciences 
Inc., Warrington, PA, U.S.A.) and fluorometry 
(emission wavelength: 365 nm and excitation wave- 
length: 458um) as described by Kim et al. [14]. 
Calf thymus DNA (Pharmacia, Montreal, Quebec, 
Canada) was used to generate the standard curve. 
COLLAGEN QUANTITATION 
An aliquot of the papain digest was hydrolysed 
using 12 N HC1 overnight at 110°C. The amount of 
collagen in the extracellular matrix was deter- 
mined by measuring hydroxyproline using high 
pressure liquid chromatography (C18 reverse 
column) and a Waters PicoTag amino acid analysis 
system. 
PROTEOGLYCAN QUANTITATION 
Proteoglycan content was determined by 
measuring the amount of glycosaminoglycan in the 
papain digests of each culture using the dimethyl- 
methylene blue dye binding assay (Polysciences 
Inc., Warrington, PA, U.S.A.) and spectropho- 
tometry as described by Farndale et al. [15] and 
modified by Goldberg et al. [16]. 
The samples are diluted with 1% bovine serum 
albumin in phosphate buffered saline and the dye 
is diluted with 10 mM Tris-HC1, pH 7.4 immediately 
prior to the assay. The assay is performed in 
96-well plates. Chondroitin sulfate (Sigma Chemi- 
cals, St. Louis, MO, U.S.A.) was used to generate 
the standard curve. 
PROTEOGLYCAN BIOSYNTHESIS 
To analyze proteoglycan biosynthesis, the cul- 
tures were incubated with [35S]sulfate (1-4 #Ci per 
well) for 24 h prior to harvesting. Matrix proteo- 
glycans were extracted with 4M guanidine HC1 
in 50 mM sodium acetate, pH 5.8 containing 0.1 M 
6-amino-hexanoic acid, 50 mM benzamidine HC1, 
10 mM EDTA and 5 mM N-ethylmaleimide for 24 h 
at 4°C. The proteoglycans from the matrix and 
supernatant were precipitated by addition of 
three volumes of ice-cold ethanol. After 24 h at 4°C 
the pellets were collected by centrifugation at 
14 000 rpm for 30 min, washed three times with 70% 
ethanol [17]. The pellets were either dissolved in 
8M urea for agarose gel electrophoresis or 4 M 
guanidinium with protease inhibitors for column 
chromatography or for quantitating [~5S]SO4 incor- 
poration by counting in a fl-scintillation counter. 
Bovine cartilage explant cultures which had been 
incubated with [~5S]SO4 for 24 h served as controls. 
The proteoglycans from the explant cultures were 
extracted identically to the filter cultures. 
PROTEOGLYCAN ANALYSIS 
Prior to loading on the gel, an aliquot of the [~5S] 
labeled matrix extracts re-suspended in 8 M urea 
was heated to 60°C for 1 h and an equal volume 
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of 2 × loading buffer added (60% glycerol, 0.04 M 
Tris-acetate, pH 6.3, l mM sodium sulphate and 
0.05% bromphenol blue). The proteoglycans were 
separated on 0.8% submerged horizontal agarose 
gels. The gels were subsequently prepared for 
autoradiography or immunoblotting. 
Selected gels were transferred to nitrocellulose 
for Western blot analysis. The blots were 
blocked with 5% bovine serum albumin and then 
incubated with a monoclonal antibody reactive 
with keratan sulfate (mabD1B2, generous gift from 
Dr M. Adams, University of Calgary, Canada). 
Reactivity was detected using affinity purified 
rabbit anti-mouse IgG antibody conjugated to 
alkaline phosphatase. Nitroblue tetrazolium and 
5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) 
were added for substrate and colour reaction 
(GIBCO/BRL, Burlington, ON, Canada). 
GEL FILTRATION CHROMATOGRAPHY 
The proteoglycans extracted from the matrix 
of 21- and 49-day-old cultures were analyzed 
by Sepharose CL-2B column chromatography 
(1 × 100 cm) under dissociative conditions. Matrix 
extracts resuspended in 4 M guanidine HC1 were 
eluted with 4 M guanidine HC1 buffer containing 
protease inhibitors, as described above, at 4°C. 
Fractions (1.8 ml) were collected using a flow rate 
of 6 ml/h. The elution profile was analyzed for its 
partition coefficient, Kav/Kay = (Ve-  Vo)/(V~- V0)], 
where V 0=void volume, Vt=tota l  volume, 
Ve -- elution volume of the fraction. Vt was deter- 
mined using [3sS]SO4 and V0 was determined using 
dextran sulfate. 
ANALYSIS OF COLLAGEN 
The cultures were labeled with [14C]proline 
(4 #Ci per well) for 24 h and then extracted with 
pepsin (100 #g/ml in 0.5 M acetic acid) (Worthing- 
ton Biochemical Corp., Freehold, NY, U.S.A.) 
for 48 h at 4°C. The  digestion was stopped by 
the addition of 4 × Laemmli's buffer. The pepsin 
extract was separated on a 7~/o sodium dodecyl 
sulfate-polyacrylamide gel and either prepared for 
autoradiography or transferred to nitrocellulose 
for Western blot analysis. The presence of type II 
or type I collagen was determined by immunoblot 
analysis using antibody reactive to type II collagen 
(dilution 1/100) or type I collagen (dilution 1/100) 
(Southern Biotechnology Associates Inc., Birming- 
ham, AL, U.S.A.) The blots were washed three 
times and reactivity detected using anti-goat IgG 
antibody conjugated to alkaline phosphatase as 
described above. 
Results  
MORPHOLOGICAL APPEARANCE OF CULTURES 
The chondrocyte cultures were examined histo- 
logically at 3, 6, 10, 21, 35 and 49 days after 
init iation of the cultures to assess matrix accumu- 
lation and organization. Precoating the filters with 
collagen was necessary for the attachment of the 
chondrocytes. Type I and type II collagen were 
equally effective as adhesive agents (data not 
shown). On day 6 the cells were multi-layered 
and surrounded by small amounts of pericellular 
proteoglycans as demonstrated by toluidine blue 
staining [Fig. l(a)]. By day 10, which was 3 days 
after the addition of ascorbie acid, there was 
a significant increase in the amount of matrix 
accumulated such that a continuous layer of 
carti lagenous tissue had formed (data not shown). 
At 10 days, no cellular organization was evident. 
By 21 days [Fig. l(b)] the superficial layer of 
chondrocytes was usually elongated and oriented 
parallel to the surface of the tissue. The deeper 
cells were spherical. The 21-, 35- and 49-day-old 
cultures were examined by polarized light 
microscopy following picrosirius staining. These 
cultures showed collagen organization similar to 
articular cartilage [18] in that the collagen in 
the superficial zone of the cultures was oriented 
parallel to the surface and the collagen in 
the deeper zone surrounded the chondrocytes 
[Fig. l(c)]. 
QUANTITATION OF MATRIX THICKNESS 
AND DNA CONTENT 
Cultures, plated at a cell density of 1 × 106 or 
3 × 106 cells/cm 2, were compared for formation of 
cartilagenous tissue and cellularity up to 35 days 
in culture (Table I). The thickness of the tissue 
generated increased over time and was dependent 
Table I 
Thickness of chondrocyte cultures 
Thickness (#m) 
Culture duration 
(days) Low density High density 
6 11--+4 21_+6 
10 24 _+ 7 52 +_ 12 
21 33 _+ 12 64 __ 12 
35 34 _+ 2 110 __+ 7 
The effect of cell density on chondrocyte culture thickness 
was examined. Chondrocytes were plated at 1 × l0 s cells]cm 2 
(low density) or 3 x 106 cells/cm 2 (high density) on filter inserts 
and harvested on days 6, 10, 21 and 35. The cultures were fixed 
in formalin and the thickness of the cultures measured morpho- 
metrically as described under the Methods. The results are from 
one representative experiment performed in triplicate, and are 
expressed as mean _+ s.E. 
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FIG. 1. Photomicrographs of toluidine blue-stained sections of formalin-fixed, paraffin-embedded chondrocyte cultures. 
The cells were plated at 2.5 × l0 G cells/cm 2 and harvested at (a) 6 and (b) 21 days. These photographs demonstrate the 
accumulation f extracellular matrix with time. (c) A 21-day culture xamined by polarized light microscopy following 
picrosirius red staining. The filters are indicated with an F (original magnification ×400). 
on the initial plating density. Cells plated at the 
lower cell density (1 x 106 cells/cm 2) formed tissue 
that by day 35 measured 34 ± 2gm. When cells 
were plated at a higher density (3 x l0 G cells/cm2), 
a thickness of 110 ± 7 gm was obtained uring the 
same time period. 
There was no change in the DNA content of the 
cultures during the 35 days at either cell density, 
indicating that the increase in culture thickness 
was due to extracellular matrix accumulation and 
not to an increased number of cells. The average 
DNA content of the cultures was 11 ± 1 #g and 
33 _+ 5 #g (mean ± S.E.) for the low and high density 
cultures respectively. 
MAINTENANCE OF  CHONDROCYTE P I - IENOTYPE:  
ANALYS IS  OF  COLLAGEN AND PROTEOGLYCAN 
IN  THE MATRIX  
To ensure that the chondrocytes maintained 
their phenotype under the culture conditions, we 
examined whether chondrocytes were synthesizing 
cartilage type macromolecules such as type II 
collagen and large proteoglycans. Analysis of the 
[ltC]proline-labeled pepsin extracts of the matrix 
for 21-day-old cultures by gel electrophoresis and 
autoradiography showed the presence of a single 
major band with a mobility similar to type II 
collagen [Fig. 2(a)]. By Western blot analysis, this 
band was identified as type II collagen [Fig. 2(b)]. 
No type I collagen was detected in the pepsin 
extracts by either autoradiography or Western blot 
analysis using an antibody reactive with type I 
collagen [Fig. 2(b)]. 
By agarose gel electrophoresis, the proteoglycan 
monomers migrated slightly faster than proteo- 
glycans extracted from the cartilage xplants, 
suggesting that they were similar but not identical 
in size (Fig. 3). The proteoglycan, aggrecan, 
contained keratan sulfate, as demonstrated by 
Western blot analysis using an anti-keratan 
sulfate antibody (data not shown). Proteoglycan 
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FIG. 2. Analysis of collagen extracted from the extracellular matrix. (a) Representative autoradiogram of [14C]proline- 
labeled pepsin-extracted collagen from the extracellular matrix formed by chondrocytes in culture for 3 weeks. 
The location of the a (II) chain is indicated by the arrowhead. (b) Western blot analysis of the pepsin extract (E) of 
the chondrocyte cultures. The blots have been incubated either with antibody reactive with type II collagen (II) or 
type I collagen (I), as described under the Methods. Only type II collagen was detected (4). No type I collagen (~) 
was detected as demonstrated by the absence of any reactivity in the extract (E). The appropriate collagens, Type I 
or Type II, were run as controls (S). 
monomer heterogeneity, when examined by 
agarose gel electrophoresis, did not vary over 
the 49 days (data not shown). When examined 
by molecular sieve chromatography under 
dissociative conditions, the newly synthesized 
proteoglycans retained in the matrix on days 21 
(a) 
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FIG. 3. Analysis of proteoglycans extracted from the 
matrix. Autoradiogram of an garose gel showing pro- 
teoglycan monomers extracted from chondrocyte filter 
cultures (F) at 3 weeks or chondrocyte explant culture 
(E) as described under the Methods. 
and 49 were of similar size. The proteoglycans 
were large and heterogenous with a K,v of 
0.44 + 0.02 (Fig. 4). 
PROTEOGLYCAN AND COLLAGEN ACCUMULATION 
IN  THE MATRIX  
The proteoglycan and collagen content in the 
extracellular matrix of the cultures was quanti- 
rated over 49 days (Fig. 5). Only small amounts of 
proteoglycans and collagen were present in 6-day- 
old cultures. The proteoglycan and collagen con- 
tent in the matrix increased l inearly up to 35 days 
and then plateaued. The amount of collagen was 
extrapolated from the hydroxyprol ine content, as 
hydroxyproline comprises approximately 10% o f  
the weight of collagen [19]. At 35 days the tissue 
contained approximately 280 # g collagen and 95 ~ g 
of glycosaminoglycans, representing a collagen to 
proteoglycan ratio of approximately 3:1. 
PROTEOGLYCAN B IOSYNTHESIS  AND RETENTION 
IN  F ILTER CULTURE 
Proteoglycan synthesis was determined by quan- 
t itating the total amount of lasS]SO4 incorporated 
into proteoglycans in the matrix and supernatant 
(Fig. 6). Proteoglycan synthesis increased l inearly 
between 6 and 21 days and remained high up to 
day 35. By 49 days, proteoglycan synthesis declined 
to levels similar to that observed in 6-day-old 
cultures. 
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Fro. 4. Gel chromatography of proteoglycans extracted 
from the matrix of 21 ( - - - )  and 49 ( ) day old 
cultures. Proteoglycan hydrodynamic size was deter- 
mined by Sepharose CL-2B chromatography under disso- 
ciative conditions (4 M GuHC1). This is a representative 
elution profile from one experiment which has been 
repeated four times. 
Figure 7(a) demonstrates that the amount of 
newly synthesized proteoglycans retained in the 
matrix or secreted into the medium varied 
during the culture period. The amount of newly 
synthesized proteoglycans incorporated into the 
matrix increased up to 35 days, whereas the 
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FIG. 5. Chondrocyte cultures at varying times were 
digested with papain to quantitate the amount of glycos- 
aminoglycan (GAG:-O-) and hydroxyproline ( - . - )  in 
the matrix. Hydroxyproline was quantitated by HPLC 
and GAG by dimethylmethylene blue dye binding assay 
and spectrophotometry as described under the Methods. 
The results are expressed as the mean ± S.E. from one 
representative experiment out of three, each performed 
in triplicate. 
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FIG. 6. Proteoglycan biosynthesis from days 6-49 was 
determined by quantitating [3~S]SO4 incorporation i to 
proteoglycans by counting the total amount of radio- 
activity in the supernatant and matrix as described 
under the Methods. This graph is from one representa- 
tive experiment out of four and is expressed as cpm//~g 
DNA (mean + S.E.) of quintuplet cultures. 
amount secreted into the supernatant declined 
approximately four-fold between days 10 and 49. 
An increase in the percentage retention of newly 
synthesized proteoglycans was observed between 
6 and 35 days. At day 6 approximately 20% of 
the [35S]-labeled proteoglycans were retained in 
the matrix and this increased to 85% when 
measured on day 35 [Fig. 7(b)]. No further increase 
in retention occurred in cultures after 35 days. 
The increase in proteoglycan content in the extra- 
cellular matrix paralleled the increase in the per- 
centage of proteoglycans retained in the matrix. 
Discuss ion  
During the period of growth and in the  disease 
acromegaly [20], art icular cartilage becomes 
thicker, suggesting that chondrocytes can syn- 
thesize and accumulate sufficient amounts of 
matrix macromolecules to increase the amount 
of cartilage. Yet chondrocytes cannot adequately 
accumulate and replace matrix which has been lost 
due to trauma or disease [21-23]. In the present 
study, we have optimized an art icular chondrocyte 
culture system in which isolated cells placed on 
filter inserts accumulate xtracellular matrix and 
form carti lagenous tissue. This system provides 
an in vitro model system to investigate the mech- 
anisms regulating proteoglycan and collagen 
retention that result in matrix accumulation. 
While many methods for culturing chondrocytes 
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FIG. 7. The amount of newly synthesized proteoglycans 
retained in the matrix was determined. (a)The amount 
of radioactivity in the extracellular matrix (-©-) and 
the supernatant (-O-) at varying times was quantitated 
as described under the Methods. The results are ex- 
pressed as the mean _+ s.~,. The experiment was repeated 
four times. (b) The percentage of newly synthesized 
proteoglycans retained in the matrix at different times 
was calculated. 
have been developed, maintaining chondrocytes 
on filter inserts has advantages over these other 
culture methods in that a continuous layer of 
tissue which is amenable to histological and 
biochemical assessment can be obtained in a 
reasonable amount of time. Other chondrocyte 
culture systems uch as monolayer and suspension 
cultures do not accumulate sufficient extracellular 
matrix to form a continuous layer of tissue 
[13,24-26]. Chondrocytes have been grown in 
alginate [10] or on hydroxyapatite [11] beads and 
under these conditions remain spherical and 
accumulate type H collagen and cartilage type 
proteoglycans but still do not form tissue. In 
3-dimensional cultures when chondrocytes are 
embedded in collagen or polymers, carti lagenous 
tissue is produced [12, 27]. However, the exogenous 
macromolecules which provide the scaffolding for 
tissue formation might affect matrix organization. 
Chondrocytes in filter culture produce 
cartilagenous tissue and maintain their pheno- 
typic expression of proteoglycans and collagen. 
The proteoglycans are large and contain keratan 
sulfate. The average size of the proteoglycan 
monomers ynthesized and incorporated in the 
matrix did not change over the time examined. 
The  cells produced type H collagen throughout 
the culture period. The absence of type I collagen 
in the matrix is in keeping with chondrocytes 
maintaining their phenotype. Under optimal con- 
ditions, the cartilagenous tissue attains a thick- 
ness of 110 #m and shows organization of cells and 
collagen into superficial and deeper layers similar 
to that described previously for articular carti lage 
[1-6, 18]. The culture thickness, proteoglycan and 
collagen content in the extracellular matrix 
increase in parallel. The extracellular matrix con- 
tains approximately three-fold more collagen than 
proteoglycan, which is similar to in vivo cartilage. 
The cultures reach a point where there is no 
further change in proteoglycan and~ collagen 
content in the extracellular matrix. These data 
indicate that the cultures go through two phases, 
one of matrix accumulation which occurs between 
days 10 and 21 and one where the matrix is being 
maintained which occurs after 35 days. As the 
cartilagenous tissue produced by these cultures is 
sufficiently similar to in vivo cartilage, it can be 
used to study the mechanisms regulating cartilage 
matrix accumulation or maintenance. 
The amount of [35S]SO4 incorporated into 
proteoglycans increased uring tissue formation 
and decreased uring the period of tissue main- 
tenance. When these studies were repeated with 
[3H]glucosamine instead of [3sS]SO4 (data not 
shown), similar changes occurred, suggesting that 
[3sS]SO4 incorporation reflects the changes in 
proteoglycan synthesis and not differences in 
proteoglycan sulfation. These data demonstrate 
that chondrocyte synthesis of proteoglycans i
greater when matrix is accumulating. The changes 
in environmental conditions or matrix molecules 
responsible for regulating proteoglycan synthesis 
by chondrocytes have yet to be elucidated. It 
has been shown that chondrocyte synthesis of 
proteoglycans can be either stimulated or inhibited 
by extracellular proteoglycans or hyaluronate 
[28-36]. So it may be that the amount of proteo- 
glycans ynthesized in filter culture is being regu- 
lated by the concentration of macromolecules in 
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the pericellular matrix during tissue formation and 
maintenance. 
In this culture system, the percentage of 
newly synthesized proteoglycans incorporated in 
the extracellular matrix increased during the 
period of matrix accumulation and maximal 
retention occurred during tissue maintenance. 
It is not evident why proteoglycan retention 
changes over time but it may be due to the devel- 
oping tissue organization and/or the increasing 
amount of collagen in the matrix. This seems 
likely, as the collagen and proteoglycan content 
in the matrix of these cultures increase in 
parallel. This hypothesis is supported by other 
experimental work, which showed that when 
chondrocytes in culture are grown in the pres- 
ence of ascorbate, which induces accumulation 
of collagen in the pericellular egion, there is 
increased proteoglycan retention [37, 38]. Fibro- 
blast cultures supplemented with L-ascorbic acid 
2-phosphate, a long acting ascorbic acid deriva- 
tive, can be stimulated to form a 3-dimensional 
structure [39]. Alternatively, as proteoglycan 
retention in cartilage has been attributed to 
proteoglycan aggregation with hyaluronate and 
its stabilization by link protein [40], it may be 
that link protein synthesis by chondrocytes in 
filter culture changes during the culture period. 
Plaas et al., using long-term rabbit chondrocyte 
cultures, have demonstrated a decrease in the 
amount of link protein synthesized with time in 
culture [41], which would alter proteoglycan 
aggregation and its retention. Preliminary data 
indicate that the proteoglycans synthesized in 
these culture conditions have the ability to aggre- 
gate with hyaluronic acid. The mechanism(s) 
regulating proteoglycan retention in the matrix 
requires further investigation. 
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